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In order to generate recombinant bovine respiratory syncytial virus (BRSV), the genome of BRSV strain
A51908, variant ATue51908, was cloned as cDNA. We provide here the sequence of the BRSV genome ends and
of the entire L gene. This completes the sequence of the BRSV genome, which comprises a total of 15,140
nucleotides. To establish a vaccinia virus-free recovery system, a BHK-derived cell line stably expressing T7
RNA polymerase was generated (BSR T7/5). Recombinant BRSV was reproducibly recovered from cDNA
constructs after T7 RNA polymerase-driven expression of antigenome sense RNA and of BRSV N, P, M2, and
L proteins from transfected plasmids. Chimeric viruses in which the BRSV leader region was replaced by the
human respiratory syncytial virus (HRSV) leader region replicated in cell culture as efficiently as their
nonchimeric counterparts, demonstrating that all cis-acting sequences of the HRSV promoter are faithfully
recognized by the BRSV polymerase complex. In addition, we report the successful recovery of a BRSV mutant
lacking the complete NS2 gene, which encodes a nonstructural protein of unknown function. The NS2-deficient
BRSV replicated autonomously and could be passaged, demonstrating that NS2 is not essential for virus
replication in cell culture. However, growth of the mutant was considerably slower than and final infectious
titers were reduced by a factor of at least 10 compared to wild-type BRSV, indicating that NS2 provides a
supporting factor required for full replication capacity.

Bovine respiratory syncytial virus (BRSV) is a major etio-
logical agent of respiratory tract disease in calves (43). To-
gether with human respiratory syncytial virus (HRSV) and
pneumonia virus of mice, it belongs to the genus Pneumovirus
within the family Paramyxoviridae (31). The BRSV genome
encodes at least 10 proteins which are expressed by transcrip-
tion of 10 mRNAs (24, 27). They include two nonstructural
proteins (NS1 and NS2); four RNA-associated proteins,
namely, the nucleoprotein N, the phosphoprotein P, the large,
catalytic subunit L of the RNA polymerase, and a transcription
elongation factor encoded by the first of two overlapping open
reading frames of the M2 gene (36); and three envelope-
associated proteins, namely, the fusion protein F, the attach-
ment protein G, and the small hydrophobic protein SH. Only
a little is known about the function of the NS1 and NS2 genes,
the presence of which distinguishes the members of the genus
Pneumovirus from all other paramyxoviruses. The NS1 protein
of HRSV was recently found to strongly inhibit transcription
and replication in an HRSV minigenome system (1), whereas
the function of NS2 is still unclear.

As for all members of the order Mononegavirales, the
genomic RNA of respiratory syncytial viruses is contained in a
ribonucleoprotein (RNP) complex, in which it is tightly encap-
sidated by N and associated with P and L. Only RNA that is

contained within an RNP complex may serve as a template for
the viral RNA polymerase (14, 46). Transcription and replica-
tion are directed by extragenic promoters which are located at
the RNA ends. The genome promoter or leader region is locat-
ed at the 39 end of the viral RNA and directs successive tran-
scription of a leader RNA (6) and free subgenomic mRNAs in
the order 39-le-NS1-NS2-N-P-M-SH-G-F-M2-L-59, as well as
synthesis of a full-length antigenomic RNA. The latter appears
to involve cotranscriptional encapsidation into the RNP com-
plex. The 39 end of the antigenome RNA (the complement of
the extragenic 59 region of the genome, which is known as the
“trailer”) provides cis-acting signals that solely direct replica-
tive synthesis of full-length genomic RNAs.

In recent years, protocols that allow intracellular reconsti-
tution of RNP complexes of negative-strand RNA viruses en-
tirely from plasmid-derived components have been made avail-
able. Simultaneous expression of full-length antigenome RNA
and of individual RNP-associated proteins resulted in the ini-
tiation of an infectious cycle and the recovery of recombinant
rhabdoviruses (23, 40, 45), paramyxoviruses (2, 4, 10, 13, 17, 18,
20, 32), and a bunyavirus (3). In the case of rhabdoviruses and
most paramyxoviruses, N, P, and L proteins were found to be
sufficient to render full-length antigenome RNAs infectious. In
the case of HRSV, however, the M2 gene had to be expressed
in addition to the N, P, and L proteins for successful recovery
of recombinant HRSV (4).

We report here the cDNA cloning of the entire BRSV ge-
nome and the establishment of a system allowing genetic ma-
nipulation of BRSV in order to provide tools for experimental
analysis of pneumovirus molecular biology and for develop-
ment of defined, attenuated vaccines. The integrity of the
newly determined nucleotide sequences of the BRSV L gene
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and of the terminal BRSV promoters was confirmed by suc-
cessful recovery of recombinant BRSV. Interestingly, the
HRSV genomic promoter was able to completely substitute for
the BRSV sequences. Moreover, the established vaccinia virus-
free recovery system allowed us to isolate considerably atten-
uated virus mutants and to provide direct evidence that the
NS2 gene is not essential for BRSV replication.

MATERIALS AND METHODS

Cells and virus. MDBK cells were infected at a multiplicity of infection (MOI)
of 0.01 with cell culture supernatant of BRSV, strain A51908 (American Type
Culture Collection [ATCC]) (29). After 90 min of adsorption, the inoculum was
removed and cells were incubated at 37°C in minimal essential medium supple-
mented with 3% fetal calf serum (FCS) in a 5% CO2 atmosphere. After 8 days
postinfection, when an extensive cytopathic effect (CPE) was observed, the
medium was adjusted to 100 mM MgSO4 and 50 mM HEPES (pH 7.5) (12), and
the highly cell-associated virus was released by freezing and thawing. BRSV was
also grown on BHK-21 cells (clone BSR T7/5), yielding lower titers. When
propagated on BSR T7/5 cells, the virus was harvested after 5 days postinfection,
when the CPE was maximal. Titrations were carried out in duplicate in microwell
plates by the limiting dilution method. To 0.1 ml of serial 10-fold virus dilutions
per well, 104 BSR T7/5 cells were added in a 0.1-ml volume. After 48 h, cells were
fixed in 80% acetone. An indirect immunofluorescence assay using a bovine
serum specific to BRSV was done, and foci of infected cells were counted.

cDNA synthesis and cloning of genome ends. Five days postinfection, total
RNA was prepared from MDBK cells infected with BRSV (RNeasy; Qiagen).
cDNA clones covering the BRSV genome were generated by specifically primed
preparative cDNA syntheses according to Gubler and Hofmann (15). The first-
strand reaction was primed with an NS1 gene-specific synthetic oligonucleotide
primer (ATue51908 nucleotides [nt] 59 to 79) or with an oligonucleotide derived
from the M2/L gene overlap (ATue51908 nt 8376 to 8393). Second-strand syn-
thesis was done with a cDNA synthesis kit (Pharmacia); after NotI/EcoRI
adapter ligation and size selection, the DNA was cloned into Lambda ZAP II
phages (Stratagene). Clones containing virus cDNA were identified by plaque
hybridization with [a-32P]dCTP (3,000 Ci/mmol; ICN)-labeled (nick translation
kit; Amersham) reverse transcription (RT)-PCR fragments derived from the N,
G, or M2 gene, or restriction fragments from L gene cDNA clones. From positive
phages, recombinant pBluescript SK2 was excised in vivo as recommended by
the supplier. At least three independent cDNA clones were sequenced to gen-
erate the ATue51908 consensus sequence. The NS1 and NS2 gene sequences
(ATue51908 nt 1 to 1146) and the terminal 1.4 kb of the L gene sequence
(ATue51908 nt 13701 to 15140) were verified by sequencing of cloned RT-PCR
products.

The terminal sequences of genome and antigenome RNAs were determined
by polyadenylation and subsequent RT-PCR. Briefly, 5 mg of total RNA from
infected cells was incubated for 30 min at 37°C in a 50-ml reaction mix containing
5 units of poly(A) polymerase (Pharmacia Biotech), 40 mM Tris (pH 8.0), 10 mM
MgCl2, 2.5 mM MnCl2, 250 mM NaCl, 250 mM ATP, and 50 mg of bovine serum
albumin per ml. A one-tube RT-PCR containing a proofreading polymerase
(Titan RT-PCR Kit; Boehringer Mannheim) was done on 1 mg of polyadenylated
RNA. For RT-PCR of the leader region, an oligo(dT) primer containing a
HindIII site and a genome sense primer from the NS1 gene (ATue51908 nt 306
to 286) were used. A fragment of about 300 bp was cloned into pBluescript SK2,
and the leader consensus sequence was determined from six individual clones. To
determine the trailer end, an additional RT-PCR from the polyadenylated RNA
was done, assuming that polyadenylated antigenome template was present. The
RT-PCR was primed by the oligo(dT) primer and an antigenome sense oligo-
nucleotide which was derived from the L gene/trailer consensus sequence pre-
viously determined (ATue51908 nt 14980 to 15000). The expected fragment of
160 bp was purified and cloned into pBluescript SKII2 prior to sequencing. All
sequences were determined by an ABI Prism 377 automated sequencer; data
were analyzed with the Genetics Computer Group (GCG) Wisconsin Package,
version 9.1 (GCG, Madison, Wis.).

Construction of BRSV full-length plasmids. As a backbone for the construc-
tion of transcription plasmids yielding antigenomic full-length RNA, the vector
pX12DT, which was derived from pX8DT (40) by eliminating more restriction
sites from the multiple cloning site, was used. The plasmid contains the 84
hepatitis delta virus (HDV) antigenome ribozyme sequence in the SmaI site,
followed by a T7 RNA polymerase transcription termination sequence in the
BamHI site (40).

By a multiple-step cloning procedure, a synthetic T7 RNA polymerase pro-
moter sequence followed by three nonviral G residues and a synthetic leader
sequence derived from HRSV strain A2 (nt 1 to 44) (28), the BRSV NS1 and N
genes, and the last 0.7 kb of the L gene and adjacent trailer were assembled in
pX12DT so that the last nucleotide of the trailer is directly followed by the HDV
ribozyme sequence. The NS1 noncoding region preceding the translation start
codon was modified to contain a synthetic NotI tag (see Results). Subsequently,
the HRSV leader sequence was replaced by the BRSV leader sequence by
site-directed mutagenesis (22) in order to generate nonchimeric recombinants.

Both the BRSV construct and the chimeric HRSV-BRSV construct were used as
backbone for the assembly of the complete BRSV genome from cDNA. The first
plasmids used for recovery of infectious recombinant virus (rH/BRSVDNS2,
rBRSVDNS2 [see Fig. 1]) were termed pH/BRSVDNS2, encoding a chimera with
HRSV leader sequence and a deletion of the complete NS2 gene, and
pBRSVDNS2, containing the homologous BRSV leader sequence.

The last step for generation of a recombinant full-length construct consisted of
the insertion of the NS2 gene. The NS2 gene was obtained by RT-PCR, cloned
in pBluescriptSK2 and sequenced, and transferred into the singular KpnI site of
the full-length clones (ATue51908 nt 1,026) after restriction of the PCR frag-
ment with Acc65I and BanII and Klenow treatment of all ends, resulting in a
deletion of 4 nt (positions 510 to 513) from the NS1 noncoding region following
the NS1 translation stop codon. The resulting full-length plasmids were termed
pBRSV and pH/BRSV, the latter containing the HRSV derived leader region.
Figure 1 gives an overview of the four different recombinants recovered from
cDNA.

Construction of expression plasmids pN, pP, pL, and pM2. To allow cap-
independent translation of mRNAs in T7 RNA polymerase-expressing cells, the
encephalomyocarditis virus (EMCV) internal ribosomal entry site (IRES) (11)
was cloned downstream of the T7 RNA polymerase promoter of plasmid pT7T
(9). PCR fragments in which the respective translation start codon is contained
in an NcoI or AflIII restriction site were used to clone the open reading frame of
the BRSV N (ATue51908 nt 1144 to 2605), P (ATue51908 nt 2351 to 3249), M2
(ATue51908 nt 7523 to 8436), or L (ATue51908 nt 8414 to 15140) gene into the
NcoI site of the IRES specifying the translation start codon. Inserts generated by
PCR were sequenced completely.

Establishment of a cell line stably expressing phage T7 RNA polymerase. To
obtain a cell line stably expressing T7 RNA polymerase, 106 BHK-21 cells (clone
BSR-CL13) were transfected with 1 mg of pSC6-T7-NEO encoding the T7 RNA
polymerase gene under control of the cytomegalovirus promoter and the neo-
mycin resistance gene (32) (kindly provided by M. Billeter). Resistant clones
were selected after addition of geneticin (1 mg/ml) to the cell culture medium. T7
RNA polymerase expression of selected cell clones was monitored after trans-
fection of 5 mg of pT7T-N, which encodes the rabies virus N protein downstream
of the T7 RNA polymerase promoter (9). Two days after transfection, cells were
stained with a fluorescein isothiocyanate conjugate recognizing rabies virus N
protein (Centocor) and analyzed by immunofluorescence microscopy (not
shown). After two further cloning steps, a cell clone which constitutively ex-
pressed T7 RNA polymerase (BSR T7/5) was selected for further use. Even after
100 successive passages (with every second passage involving geneticin selection),
no decrease in T7 RNA polymerase-directed gene expression was observed in
BSR T7/5 cells.

Transfection experiments and recovery of recombinant BRSV (rBRSV). BSR
T7/5 cells were grown overnight to 80% confluency in 32-mm-diameter dishes in
Eagle’s medium supplemented with 10% FCS. One hour before transfection,
cells were washed twice with medium without FCS. Cells were transfected with
a plasmid mixture containing 10 mg of full-length plasmid (pBRSV, pH/BRSV,
pBRSVDNS2, or pH/BRSVDNS2), 4 mg of pN, 4 mg of pP, 2 mg of pM2, and 2
mg of pL. Transfection experiments were carried out with a mammalian trans-
fection kit (CaPO4 transfection protocol; Stratagene). The transfection medium
was removed at 4 h posttransfection; cells were washed and maintained in Eagle’s
medium containing 3% FCS.

Five days after transfection, cells were split at a ratio of 1:3. Between 7 and 10
days posttransfection, a typical CPE was observed, yielding several foci per dish.
The cells were split every 4 to 5 days, until between days 21 and 28 posttrans-
fection a total CPE was observed. The virus was released by freezing and thaw-
ing. Cellular debris was removed by pelleting at 800 3 g, and the supernatant was
used for production of high-titer material in MDBK cells and for further exper-
iments.

Northern hybridization of viral RNA. Total RNA from BSR T7/5 cells was
isolated at 2 to 5 days postinfection (RNeasy; Qiagen). The RNA was analyzed
by denaturing gel electrophoresis (39), blotted onto nitrocellulose, cross-linked
to membranes by UV, and hybridized with DNA fragments labeled (nick trans-
lation kit; Amersham) with [a-32P]dCTP (3,000 Ci/mmol; ICN). The N gene-
specific probe was generated by RT-PCR and tested for specificity by sequencing
analysis before use; the NS2-specific probe consisted of an AseI (ATue51908 nt
574)/KpnI (ATue51908 nt 1026) fragment of a cloned and sequenced RT-PCR
product which contains the complete NS2 open reading frame. Northern blots
were exposed to Kodak X-Omat AR films at 270°C with an intensifying screen.

RT-PCR. To generate DNA probes for hybridization, for cloning of expression
plasmids, and for RNA analysis of recombinant virus, RT-PCR was done with
avian myeloblastosis virus reverse transcriptase (Life Sciences) for first-strand
synthesis, as described above, and a proofreading thermostable polymerase (Pfu;
Stratagene) for PCR under conditions recommended by the supplier. The RNA
of the recombinant viruses was analyzed by two sets of RT-PCR. The first was
designed to demonstrate the synthetic NotI restriction site following the NS1
gene start. First-strand primers were selected to hybridize to the 39 end of
genomic RNA. The reverse primer (ATue51908 nt 306 to 286) was derived from
the NS1 gene sequence. The second PCR was designed to demonstrate the
absence or presence of the NS2 gene. First-strand synthesis was done with the
same set of leader-specific primers, whereas a primer derived from the N gene
sequence (ATue51908 nt 1165 to 1146) served as reverse primer.
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Nucleotide sequence accession number. The nucleotide sequence of BRSV
strain ATue51908 has been deposited in the GenBank database under accession
no. AF092942.

RESULTS

cDNA cloning and sequence analysis of BRSV strain
ATue51908. We generated cDNA clones covering the com-
plete genome of BRSV strain A51908, as obtained from the
ATCC, after 12 passages in MDBK cells. The sequence of the
39 half of the BRSV genome was available, covering nine genes
from the NS1 gene to the M2-L gene overlap (25, 26, 30, 37, 38,
47, 48) (see Fig. 1). Two primers were selected for specific
priming of first-strand cDNA synthesis, the first hybridizing to
the 39 proximal NS1 noncoding region and the second hybrid-
izing to the M2-L gene overlap. Total RNA of BRSV-infected
cells was used as starting material. Virus-specific cDNA clones
were detected by hybridization with PCR probes derived from
the N, G, and M2 genes. Each probe was tested for specificity
by sequence analysis and by hybridization with virus RNA
before use. Clones covering the entire L gene were obtained by
genome walking. Besides the correctly primed cDNA clones,
we found a considerable amount of BRSV-specific clones that
were random primed, together covering the entire genome
except for the NS2 gene. A consensus sequence was derived
from at least three independent cDNA clones. The last 1.4 kb
of the genomic sequence and the NS1 and NS2 gene sequences
were, in addition, confirmed by sequencing of cloned RT-PCR
fragments. In this case, at least six different PCR clones were
analyzed to generate a consensus sequence.

Nucleotides 46 to 8454 of the consensus sequence, spanning
the NS1, NS2, N, P, M, SH, G, F, and M2 genes, were com-
pared to the previously published sequences of BRSV strain
A51908 (GenBank accession no. U15937 [NS1], U15938

[NS2], M35076 [N], M93127 [P], D01012 [M and SH], and
M82816 [F and M2] [26, 48]), revealing considerable diver-
gence. The total sequence identity was found to be 96.2%,
owing to 319 differences and 10 gaps in 8,454 nt. For the NS1,
NS2, N, P, M, F, and M2 genes, sequence identities were in the
range of 95 to 98%, and the amino acid identity ranged be-
tween 100 and 97%. Both the SH and the G genes exhibited
nucleotide identity of merely 93% with the published A51908
sequences. In the deduced SH and G proteins, only 86 and
88% of the amino acids are identical, respectively. Together,
the predicted amino acid sequences of the nine genes contain
97 differences compared to the A51908 sequence, over a total
of 2,263 amino acids. Since the sequence data obtained dif-
fered substantially from the published A51908 sequence, we
designated our starting virus BRSV strain ATue51908. The
total sequence of BRSV strain ATue51908 (GenBank acces-
sion no. AF092942) comprises 15,140 nt and codes for 10
mRNAs (Fig. 1). As described for other strains, the G and M2
mRNAs each contain two open reading frames.

Sequence of the ATue51908 L gene. Until now, the sequence
of the largest BRSV gene coding for the catalytic subunit of the
viral RNP-dependent RNA polymerase (L) was not available.
The BRSV L gene has a length of 6,573 nt, including the gene
start signal (59-GGACAAAA-39 [DNA positive strand]) and
the transcription stop and polyadenylation signal (59-AGTTA
TTTAAAAA-39 [positive strand]). The first ATG located in a
favorable context for initiation of translation is partially con-
tained in the gene start signal (59-GGACAAAATG-39), result-
ing in an extremely short 59 noncoding region of 7 nt. The
translation stop codon, TAA, is followed by a noncoding re-
gion of 64 nt and the transcription stop/polyadenylation signal.
The predicted open reading frame codes for a protein of 2,162

FIG. 1. Schematic presentation of the BRSV ATue51908 genome (drawn to scale). The locations of transcripts (shaded bars) and protein-encoding frames (open
bars) are shown relative to the viral RNA (vRNA) (solid bar). In the enlargements, the organizations of recombinant viruses and ATue51908 are compared. The
39-terminal 45-nt BRSV leader regions are marked by horizontal stripes, and the 44-nt HRSV A2 leader regions are marked by vertical stripes. Genetic tags (NotI)
and nucleotide deletions in the NS1 noncoding regions (shaded) of the recombinant viruses are indicated. The relative positions of corresponding nucleotides are given
for the gene starts of NS1, NS2, and N and nucleotides flanking the NS2 deletion. The overall lengths of the vRNAs are shown on the right.
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amino acids. No additional open reading frames longer than 30
amino acids were identified.

Compared to the L gene of HRSV strain A2 (41), the BRSV
L gene has identity of 77% and encodes a protein with amino
acid identity of 84%. The L proteins of BRSV, HRSV, and
turkey rhinotracheitis virus (TRTV) (34) share an amino-ter-
minal extension of about 20 amino acids and a carboxy-termi-
nal truncation of about 100 amino acids, compared to L pro-
teins of other nonsegmented negative-strand RNA viruses.
This feature therefore appears to be common in the Pneumo-
virinae subfamily.

Sequence analysis of the BRSV leader and trailer regions.
The leader region of BRSV (Fig. 2A) is 45 nt in length, 1 nt
longer than that of HRSV A2 (28). The terminal regions are
highly conserved. Compared to HRSV, the first 17 nt are
identical and the first 28 nt contain two differences. Overall,
the two RSV leader regions have identity of 82%. Alignment
of the BRSV and HRSV leader regions to that of TRTV (33)
revealed identities of 61 and 67%, respectively.

The 59 extragenic region of the BRSV genome (Fig. 2B) is
composed of 161 nt, which is 6 nt longer than the HRSV A2
trailer region (28). This is thus far the longest trailer sequence
of a member of the Paramyxoviridae family. The BRSV leader
and trailer regions themselves exhibit a terminal complemen-

tarity of the extreme 11 nt which is interrupted at position 4, as
is also found in TRTV. The 59-terminal 14 nt of BRSV and
HRSV are identical, and the 59-terminal 25 nt contain only one
different nucleotide. The L-proximal two-thirds of the trailer
regions show a very low degree of homology, and the overall
identity is 51%. The TRTV trailer region (33), which is com-
posed of only 40 nt, is more similar to the aligned region of
HRSV than of BRSV (60 and 50% identity, respectively).

Construction of full-length BRSV cDNA clones. A cDNA
copy of the BRSV genome was assembled in pX12DT down-
stream of a T7 RNA polymerase promoter such that antige-
nomic RNA would be transcribed. Three G residues were
introduced between the promoter and the leader sequence to
facilitate initiation of transcription. It was previously shown
that additional nucleotides at the 59 ends of HRSV genomes
do not interfere with encapsidation and replication (35). To
achieve correct cleavage of the RNA transcript at the 39 end of
the antigenome-like RNA, the HDV antigenome ribozyme
sequence was joined directly to the last nucleotide of the trailer
sequence (40).

At first, an NS2 deletion mutant was assembled in a plasmid
containing the HRSV A2 leader region (nt 1 to 44) (28) in-
stead of the BRSV leader region and in which the NS1 gene
end signal, the NS2 gene start signal, and the complete NS2

FIG. 2. Alignment of the BRSV ATue51908 39 leader region (A) and 59 trailer (B) sequences with those from other pneumoviruses. The DNA sequences are shown
in 39-to-59 viral RNA sense. For HRSV strain A2 (28) and TRTV (33), only deviations from the ATue51908 sequence are indicated. Gaps are represented by dots,
and the start signal of the first gene (NS1 in BRSV and HRSV, N in TRTV) and the L gene end signal are underlined. Numbering of the trailer sequences starts with
the first nucleotide downstream of the L gene transcription stop signal. (C) Alignment of the NS1 noncoding region of the recombinant BRSVs containing the NotI
tag (boxed) with the ATue51908 consensus sequence and the published A51908 sequence. The sequences are shown as DNA positive strands. Only nucleotides differing
from the recombinant sequence are indicated. Gaps are indicated by dots, and the NS1 gene start signal and translation start codon are underlined.
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coding region (514 nt) are absent (rH/BRSVDNS2 [Fig. 1]).
Thus, the NS1 translation stop codon is followed by the gene
end signal derived from the NS2 gene. Subsequently, an RT-
PCR-generated NS2 gene sequence was introduced into the
NS2-deficient cDNA to generate a nondeficient, chimeric full-
length genome (rH/BRSV [Fig. 1]). Due to the cloning proce-
dure, 4 nt from the wild-type noncoding sequence between the
NS1 translation stop codon and the NS1 gene end signal (nt
510 to 513) were deleted. To finally replace the HRSV leader
sequence by the original BRSV leader sequence, site-directed
mutagenesis was done, giving rise to rBRSVDNS2 and rBRSV
(for details, see Materials and Methods).

All four cDNA constructs contain three common differences
from the standard ATue51908 sequence: a 16-nt difference,
involving deletion of one nucleotide, in the NS1 59 noncoding
region, creating a singular NotI site and allowing easy discrim-
ination of recombinant virus and wild-type ATue51908 virus
(Fig. 2C), as well as two single nucleotide exchanges which are
derived from one of the cDNA clones used for cloning (pL23).
One of the exchanges is located in the BRSV trailer sequence
(nt 15049, T to C) and the other in the L coding sequence (nt
14312, A to C), resulting in an amino acid change from iso-
leucine to leucine. Overall, the genome of the full-length
BRSV recombinant is 5 nt shorter than the standard ATue51908
virus genome, and the chimeric rH/BRSV sequence is 6 nt
shorter, due to the shorter HRSV leader. The genomes of the
NS2 deletion mutants rBRSVDNS2 and rH/BRSVDNS2 are
lacking 514 internal nucleotides (Fig. 1).

Recovery of infectious BRSV from cDNA in a vaccinia virus-
free cell system. Most systems for recovery of negative-strand
RNA viruses make use of vaccinia helper virus providing T7
RNA polymerase for intracellular transcription of full-length
RNAs and expression of support proteins. However, to prevent
possible interference with the notoriously very slow BRSV
replication or virus assembly and to avoid the necessity of
separating vaccinia virus from BRSV, we decided to establish
a vaccinia virus-free system. A cell line which stably expresses
phage T7 RNA polymerase (BSR T7/5) was generated by
transfection of BHK-21 cells, clone BSR-CL13, with a plasmid
expressing phage T7 RNA polymerase under control of the
cytomegalovirus promoter (pSC6-T7-NEO, kindly provided by
M. Billeter). BSR T7/5 cells were transfected with plasmids
expressing antigenomic BRSV RNA and support plasmids ex-
pressing the BRSV N, P, L, and M2 proteins. The support
plasmids contained the consensus sequence of the respective
ATue51908 open reading frame, downstream of the ECMV
IRES sequence, to allow cap-independent translation. Five
days after transfection, cells were split in a 1:3 ratio. Between
days 7 and 10 after transfection, a typical CPE was observed, in
the form of several foci of fusing cells per dish. When any of
the support plasmids was omitted, no foci were observed.

All transfection experiments were done in quadruplicate and
repeated at least three times. Each of the four different full-
length constructs yielded recombinant virus in all dishes. The
cells were split every 4 to 5 days, and the recovered virus was
released by freezing and thawing when the CPE was maximal.
Clarified supernatant was used for three rounds of amplifica-
tion in the case of the full-length recombinant. In order to
amplify the NS2 deletion mutant, at least five passages were
necessary to produce stock material suitable for further char-
acterizations.

Identification of genetic tags and transcription analysis of
recombinant virus. Genetic tags were used to confirm the
identity of the recombinant viruses. Total RNA of virus-in-
fected BSR T7/5 cells was isolated when the CPE was maximal,
and RT-PCR was performed. One assay was done to demon-

strate the novel NotI restriction site contained in the NS1 59
noncoding region of all recombinant viruses. Primers LeBRSV
or LeH/BRSV and NS1r, which are specific for the leader
regions and the NS1 gene, respectively, were used to amplify a
300-bp fragment which was then digested with NotI. The RT-
PCR products obtained from recombinant viruses were
cleaved by NotI, whereas the fragment obtained from standard
ATue51908 virus was not (Fig. 3). A second RT-PCR with the
leader-specific primer and the primer Nr, specific for the N
gene, was designed to reveal the absence or presence of the
NS2 gene. A PCR product of 1.2 kb was obtained in the case
of standard ATue51908 virus or of full-length recombinant
viruses (Fig. 4). In the case of rBRSVDNS2 and rH/
BRSVDNS2, a fragment of about 0.7 kb was amplified by the
same primers, demonstrating the deletion of the NS2 gene. No
PCR product was detected when the RT step was omitted (not
shown), demonstrating that the PCR products originate from
viral RNA rather than from plasmid contaminations.

In order to demonstrate transcripts from the recombinant

FIG. 3. Demonstration of the NotI tag in the genome RNA of recombinant
BRSVs. RT-PCR was performed on total RNA of BSR T7/5 cells infected with
standard BRSV ATue51908 or with recombinant virus by using positive-sense
primers annealing to the genome 39 ends and a negative-sense primer binding in
the NS1 gene. No PCR product was detected when the RT step was omitted.
Digestion with NotI of the 324-bp (calculated size) RT-PCR product originating
from recombinant viruses yielded two bands of calculated sizes of 82 and 242 bp,
whereas the RT-PCR product from standard BRSV strain ATue51908 was not
cleaved.

FIG. 4. Demonstration of NS2 gene deletion by RT-PCR. Total RNA of
BSR T7/5 cells infected with standard BRSV ATue51908 or with recombinant
virus was used for RT-PCR with a positive-sense primer hybridizing to the 39 end
of the BRSV genome RNA and a negative-sense primer binding in the N gene.
Products from full-length recombinants and wild-type virus yielded a product of
1,179 bp (calculated size) spanning the NS2 gene, whereas deletion mutants gave
rise to a 666-bp (calculated) fragment, reflecting the 513-nt deletion. No PCR
product was detected when the RT step was omitted.
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viruses and from standard ATue51908, RNA of infected cells
was analyzed by Northern hybridization. Total cellular RNA
was isolated 5 days after infection of BSR T7/5 cells at an MOI
of 0.01. After hybridization with an N-specific probe, genome
RNAs and monocistronic N mRNAs were detected in cells
infected with the recombinant BRSVs and standard ATue51908,
demonstrating efficient transcription and replication of the re-
combinant BRSVs (Fig. 5). In addition, a prominent band
representing bicistronic N/P readthrough mRNA was present
in all lanes. RNA from cells infected with the NS2 deletion
mutants did not hybridize with an NS2 probe, whereas a prom-
inent band corresponding to NS2 mRNA was present in cells
infected with ATue51908 or the full-length recombinants (Fig.
5). These results again confirmed the absence of the complete
NS2 gene in the genome of deletion mutants, as well as the
absence of contaminating helper virus. The NS2 deletion mu-
tants thus replicate autonomously in cell culture.

Recombinant viruses lacking the NS2 gene are attenuated in
cell culture. Growth characteristics of recombinant BRSV
were studied with both the BHK-derived BSR T7/5 cell line
and MDBK cells. The two full-length recombinants did not
differ from standard ATue51908 virus in their final titers of
infectious virus nor in their growth kinetics or phenotype. In
MDBK cells, ATue51908 and the full-length recombinants
yielded maximal titers of 106 PFU/ml after 8 days of infection
at an MOI of 0.01, while in BSR T7/5 cells maximum titers of
105 PFU/ml were achieved at 4 days after infection at the same
MOI. The chimeric viruses containing the HRSV leader region
did not differ in any respect from the recombinants containing
the autologous BRSV leader sequence. Compared to the full-
length viruses, the NS2 deletion mutants showed slower growth
and reduced final titers in both BSR T7/5 and MDBK cells. In
BSR T7/5 cells, a similar type of CPE, consisting of large
syncytia detaching from the monolayer, developed after infec-
tion with both full-length and NS2-deficient viruses (Fig. 6A).
When grown on MDBK cells, the full-length viruses caused
typical foci of enlarged cells, indistinguishable from standard
ATue51908 virus foci (Fig. 6B). The NS2 deletion mutants,

however, yielded only small pinpoint foci in MDBK monolay-
ers, consisting of a small number of infected cells (Fig. 6B).
Due to their very slow growth in MDBK, cells had to be split
every three days in a 1:3 ratio to keep the infection going on.
At 15 days after infection of MDBK cells at an MOI of 0.01,
antigen was detected in less than 60% of cells. In contrast, in
the case of standard ATue51908 or of full-length recombinant
virus, it was not possible to split MDBK cells infected with an
MOI of 0.01 more than once due to an extensive CPE. When
BSR T7/5 cells were infected with the NS2 deletion mutants at
an MOI of 0.01, CPE was maximal at 5 days after infection. In
these cultures, antigen was detected in more than 80% of cells.
Still, compared to full-length virus, maximum titers of the NS2
deletion mutants were 10-fold lower in both cell lines, with
maximum titers reaching 104 PFU per ml in BSR T7/5 cells at
5 days after infection and 105 PFU per ml in MDBK cells at 15
days after infection and four passages of infected cells. These
features demonstrate that the NS2 gene is nonessential,
though in its absence the replication capacity of BRSV is
reduced and the CPE in MDBK cells is less pronounced.

DISCUSSION

In this work, we describe the cDNA cloning of the entire
BRSV genome and the recovery of recombinant BRSV from
cDNA constructs. To our knowledge, this is the second species
of the genus Pneumovirus for which the entire genome se-
quence has been determined and which has been made ame-
nable to genetic manipulation. The viruses we have recovered
are derived from a parental virus obtained after 12 passages in
MDBK cells of BRSV strain A51908, obtained from the
ATCC. Compared to the published sequences of strain
A51908, a marked divergence was observed. The most striking
deviations are located in the SH and G genes, which displayed
86 and 88% amino acid identity, respectively. The parental
virus was therefore designated ATue51908 (GenBank acces-
sion no. AF092942).

The approach used to rescue cDNA derived from
ATue51908 into infectious BRSV follows the principles shown
to be successful for recovery first of recombinant rabies virus
(40) and then of a variety of negative-strand RNA viruses from
the rhabdovirus, paramyxovirus, and bunyavirus families (8). It
involves simultaneous expression of viral antigenome RNA
and of RNP proteins in order to promote “illegitimate” encap-
sidation of the RNA in such a way that the novel RNP struc-
ture may serve as a template for the viral RNA polymerase.
The expression systems most widely used rely on infection of
cells with recombinant vaccinia viruses (vTF7-3 or MVA) (2–4,
10, 13, 17, 18, 23, 45) providing T7 RNA polymerase, which is
needed for expression of proteins and RNAs from transfected
plasmids. This, however, requires coping with vaccinia virus-
induced CPEs which limit the window for recovery, vaccinia
virus-induced recombination of transfected plasmid DNA (13,
18), and separation of different viruses by biophysical (40),
biochemical (45), or biological (13) means. We describe here
the establishment of a BHK-derived cell line stably expressing
T7 RNA polymerase, as first reported for measles virus (32),
obviating the use of vaccinia helper virus. Especially for recov-
ery of BRSV, the availability of a vaccinia virus-free system was
regarded as crucial, since BRSV replicates very slowly and to
low titers in cell culture and is highly cell associated, like
vaccinia virus, and since virions are pleomorphic in size and
shape, with some particles comparable in size to vaccinia virus.
Moreover, a general advantage of the T7 polymerase-express-
ing cell line in combination with IRES-containing support plas-
mids (11) was confirmed in the rabies virus recovery system.

FIG. 5. Demonstration of virus transcripts by Northern hybridization. Total
RNA of BSR T7/5 cells infected with rBRSV or standard ATue51908 was
isolated 2 to 4 days after infection and separated on a 2% denaturing agarose gel.
The blot was hybridized with PCR-derived probes specific for the BRSV N gene
(nt 1429 to 2277) (A) and for the NS2 gene (nt 574 to 1026) (B). Transcripts
corresponding to N mRNA (vRNA), bicistronic N/P readthrough transcripts,
and NS2 mRNA are indicated.
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FIG. 6. CPE of recombinant BRSVs in BSR T7/5 cells (A) and MDBK cells (B). (A) In BSR T7/5 cultures, all recombinants induced syncytia of cells detaching
from the monolayer, which were indistinguishable from those of standard ATue51908, at 56 h postinfection at an MOI of 0.01. (B) In MDBK cells, both full-length
recombinant viruses rBRSV and rH/BRSV and standard ATue51908 virus produced similar foci of enlarged cells at 5 days postinfection, whereas the NS2 deletion
mutants produced only small foci of degenerating cells.
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Compared to the vaccinia virus-driven expression system, the
recovery rates were increased at least 10-fold (12a).

In contrast to other paramyxoviruses or rhabdoviruses,
where N, P, and L proteins are sufficient to support encapsi-
dation of antigenome RNA and to initiate an infectious cycle,
recovery of the pneumovirus HRSV has been shown to require
the additional expression of the M2 gene (ORF 1), which
encodes a transcription elongation factor (5, 16). We therefore
included a BRSV M2-expressing plasmid in the transfection
experiments. Both viruses corresponding to ATue51908, chi-
meric viruses possessing the leader region of HRSV, and con-
siderably attenuated NS2-deletion mutants could be isolated
from every transfected cell culture dish. The recovery rate thus
exceeds by far 1 in 106 transfected cells.

The successful recovery of recombinant BRSV indistinguish-
able in phenotype from the parental virus ATue51908 con-
firmed the authenticity and the functionality of the determined
nucleotide sequences. A particular focus was laid on the func-
tional characterization of BRSV sequences previously not
available, namely, the gene ends and the L gene. The deduced
BRSV L and HRSV L proteins showed amino acid identity of
84% and a similarity of 89%. The amino acid differences were
distributed over the entire protein, indicating rather identical
functions of the two proteins. This finding, and the high degree
of similarity of the HRSV and BRSV genome ends, prompted
us to see whether the BRSV polymerase would be able to
recognize HRSV promoter structures.

The 39 end of the pneumovirus genome (the genome pro-
moter) contains cis-acting signals directing both transcription
of subgenomic, free mRNAs and synthesis of full-length RNPs,
as well as sequences specifying an encapsidation signal. In the
case of HRSV minigenomes, the promoter function was highly
sensitive to insertion of nucleotides into the terminal 10 resi-
dues and into the stretch of residues 21 to 25 (6, 7). Interest-
ingly, the eight nucleotide differences of the BRSV leader
region are all located outside of these functionally critical
regions. To determine whether the published HRSV sequence
can substitute for the BRSV genome promoter, chimeras
which contain the heterologous HRSV leader region were
designed. The chimeric viruses could be rescued with the same
efficiency as rBRSV and replicated with the same speed to the
same titers and produced the same type of CPE. The same
applied to the chimeric and authentic NS2 deletion mutants
(see below). Therefore, the heterologous HRSV leader region
is faithfully recognized by the BRSV polymerase and provides
functionally identical signals for RNA transcription and repli-
cation and for encapsidation of RNAs. The observed nucleo-
tide differences apparently do not specify genetic information
that may account for species specificity, further confirming the
close relationship of BRSV and HRSV.

Members of the genus Pneumovirus show particular features
that distinguish them from other paramyxovirus genera, such
as the lack of P gene RNA editing. HRSV does not appear to
obey the “rule of six” (35), as do most paramyxoviruses which
are able to edit their P gene RNAs (21). Apparently, this is also
true for BRSV. Neither the parental virus ATue51908 nor any
of the recombinants have a genome consisting of multiples of
6 nt. The recombinant BRSV genome lacks five residues com-
pared to the ATue51908 genome but replicated with the same
efficiency. This applies also to the chimeric H/BRSV, which
lacks six residues due to the shorter HRSV leader region. This
1-nt difference was also maintained in the NS2 deletion mu-
tants BRSVDNS2 and H/BRSVDNS2. Again, they were found
to replicate at identical rates.

Another peculiarity of pneumoviruses is the high number of
encoded genes, some of which do not have counterparts in

other paramyxoviruses, such as SH, M2, and the nonstructural
genes NS1 and NS2. It was recently shown that G and SH of
HRSV are not essential for viral replication in vitro but may
enhance membrane fusion (19). A role for the M2 protein as a
transcription elongation factor has also been established (5,
16), but the function of the two nonstructural proteins NS1 and
NS2 has remained rather obscure. In an artificial minigenome
assay, HRSV NS1 and, to a lesser degree, NS2, showed inhib-
itory effects on transcription and replication (1). Only rever-
tants of HRSV NS2 knockout viruses, in which tandem stop
codons were introduced in such a way that the NS2 protein
would not be expressed, could be isolated from plaques ob-
served in transfection experiments (42), indicating an impor-
tant function of HRSV NS2 in the virus life cycle. Strikingly, in
the avian pneumovirus TRTV, both nonstructural genes are
absent, emphasizing the question of whether they represent
essential genes in mammalian pneumoviruses such as BRSV.

To address possible functions of NS2 in the virus life cycle,
we assembled a BRSV cDNA copy lacking the entire NS2
gene. The successful recovery of a virus autonomously propa-
gating in BSR cells demonstrated that the NS2 gene is not
essential for replication of BRSV in vitro. The pattern and the
relative amounts of mRNAs and full-length virus RNA pro-
duced in infected cells were not markedly changed, except for
the lack of an NS2 transcript. Interestingly, the effect of the
NS2 deficiency appeared to be more pronounced in the bovine
MDBK cell line than in BSR cells. Syncytia caused by the
NS2-deficient mutants in BSR T7/5 cell monolayers were phe-
notypically indistinguishable from those caused by standard
ATue51908. In contrast, BRSVDNS2-infected MDBK cells
were not enlarged, unlike ATue51908-infected cells. More-
over, maximum titers were reached in MDBK cells infected
with NS2 deletion mutants by 15 days after infection, com-
pared to 8 days after infection with standard ATue51908. In
BSR T7/5 cells, maximal final infectious titers were reached by
5 days after infection, which is comparable to nondeficient
viruses. In both cell lines, however, the maximum virus yield of
the NS2 deletion mutants was reduced by a factor of 10 (105

and 104 in BSR T7/5 cells for rBRSV and rBRSVDNS2, re-
spectively, and 106 and 105 in MDBK cells, respectively). As
the cDNA constructs used for recovery of nondeficient rBRSV
were made by completion of the NS2 deletion cDNA, the
observed slower growth and the reduced virus titers are due to
the lack of NS2 rather than to putative differences in other
parts of the genome. Thus, although not essential, NS2 is an
accessory factor able to substantially support virus growth, by a
thus far unknown mechanism. Further experiments using mod-
ified virus mutants are now feasible and should help to reveal
the mechanisms of NS2 involved in facilitating virus growth in
different cell types.

The successful recovery of the first BRSV strain from which
an entire gene has been deleted is important not only for
studying the molecular biology and genetics of the virus but
also because it provides a severely attenuated virus with an
unequivocal serological marker. Due to their 39-proximal lo-
cations, NS1 and NS2 are expressed at high levels and induce
antibodies in infected calves (44). Further manipulation of
NS2-deficient viruses may lead to the development of attenu-
ated marker vaccines, easily distinguishable from wild-type vi-
rus. For the prevention of respiratory diseases, live vaccines
appear to be best suited due to their ability to confer local
immunity in addition to humoral immune response. It will also
be of interest to determine whether foreign epitopes or pro-
teins can be incorporated into the virion in order to design
vaccines for other respiratory pathogens or vectors for tran-
sient gene therapy.
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